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ABSTRACT

Mta securedup to Ikrch1 9are givenon the propertiesof

aqueousphosphoricacid solutionsof uraniumthatmightbe suitablefor

use in homogeneousreactors. Includedis informationon volubility,

radiationstability,vaporpressure,themal expansionof the liquid

phase,and corrosion. Sufficienturaniumvolubilityin the system

UO:3-H3P04-H20is readilyobtainablewith littleas 2 or 3 M phos-

phoricacid. Adequateuraniumvolubilityin the systemU02-H3P04-H20

requiresthe use of concentratedphosphoricacid,but these solutions

have the advantagesof low vaporpressureand low equilibriumpressure

of radiolytichydrogenand oxygen. A brief discussionis givenof

feasiblemethodsof reprocessingphosphatefuel solutionswith the

of only inorganicreagents.
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Chapter1

The SystemU03-H3P04-H=0

1.1 Solubilitv

The volubilityof the hexavalenturaniumat hightemperatures

was determinedwith the constituentscontainedin closed,high-pressure

equipmentfromwhichfilteredsamplesof the liqtidphasecouldbe

withdrawnas desired. The designand operationof the pressurebombs

and associatedequipmenthavebeen describedby R. M. Bidwell,

W. R. Wylcoff,B. J. Thamer,and C. D. ROSS.=Y2 The temperaturecontrol

was within1° C. With an excessof solidpresent,phaseequilibriumwas

indicatedwhen severalsuccessiveSampiesof the filteredliquidphase

takenovera periodof severalhundredhoursshowedthe samecomposition

by analysis.

The solubilitiesthatwere obtainablewhenU03 was dissolved

in nominally2 or 3 M phosphoric.acidhavebeen givenin Tables1.1 and

1.2, respectively.The densitydataand fomula fromwhichthe modali-

tieswere calculatedhavebeen includedin Nble 1.3. The solidphase

was the (U02)3(P04)204H20describedby W. W. Harrisand R. H. Scott=

exceptthata

samecompound

bilityat the

utableto the

are shownthe

smallamount of an orthorhombicmodification4Y5of the

sometimeswas presentalso. The increaseduraniumsolu-

higherphosphoricacid concentrationsis largelyattrib-

complexingactionof the phosphoricacid. In AppendixA’

effectson the uraniumvolubilityof neutralizingp&rt of

-9-



Table1.1

Sdubility Data ObtainedUpon EquilibratingExcessSolid

(UO=)S.(P04)=04H=0with a Solutionof ~itially O.x M UOS

Dissolvedin 2.0 M H#04

(EquilibriumSolidPhase:(U02).(P04)2=4H=O)

Tempe?xrture,AnalyticalPolarities Modalities

‘c. u Total Phosphate u Total.Phosphate Refs.

2

1 6

1 9

2 5

2 6

2 7

2 9

3 3

3 5

3 5 5

*

o . 32 .0 .2

0 . 2l .0 .2

0 . 21 .0 .2

0.201 1 .0 .1

0 . 21 .0 .2

0 . 11 .0 .2

o . l1 .0 .2

0 . 22 .0 .2

0 . 32 .0 .2

0 . 22.12 0.257 2.38

0 . 52 .0 .3

O.H. Ilayetal., ORNL-~6:——

0 .2 0 .2

W. L. Marshallet al., ORNL-X121(interpolated):——

0 .2 .0 .2

4

4

4

6

6

6

6

-

6

6

7250

8250

aTakenfromthe dataof J. M. Schreyerand C. F. Baes,Jr.,gat
250 C., at whichtemperaturethe equilibriumsolidphaseis UO&P04*4H@.

- 1



VolubilityEataObtained

Wble 1.2

Upon EquilibratingExcessSolid

(U02)3(P04)204H20with a Solutionof Initially0.3 to 0.5 M UOS

Dissolvedin 2 3 l I f

(EquilibriumSolidPhase:(UO=)3(P04)=~4H=O)

—
Temperature, AnalyticalPolarities Modalities

‘c. u ‘lbtalPhosphate u Total Phosphate Refs.
—

2’3 o.62a 3 .0 .3

2 00 . 53 .0 .3 6

2 50 . 63 .0 .4 6

2 90 . 53 .0 .3 4

O.H. ~yetal., ORNL-IJJ.6:.—

250 0 .3 0 .3 7

W. L. ~rshall et al., ORNL-1121(interpolated):.—

25Q 0 .3 .0 .3 8

al’akenfromthe dataof J. M. Schreyerand C. F. Baes,Jr.,gat
250 C., at whichtemperaturethe equilibriumsolidphaSeis UO#P04*4H20.

-11-



Table 1

The IEnsityat 2P C. of Solutionsof U03 in H&04

SolutionComposition(polarities) Density,g/mlat 250 C.

0 . 3 1M U Oin 1 .M H&04

0 . 3M Uin 1 .MH@)4

0 . 1MU03 in 2.94 MH@04

0.248MUO= in 2.96M H3F04

0.291MU03 in 2.96M H#04

0 . 3M Uin 2.96 M H&04

0.559MU03 in 6.o8M H&04

0.467MU03in7.~MH@4

0.555MU03 in 7.55MH3P04

0.!%7MUO~in 7.79MH&OA

0.647MU03 in 7.49M H&04

1 .

1 .

1 .

1 .

1 .

1 .

1 .

1 .

1 .

l .

1 .

-12-

lhe abovedensitydata in 2 to 3 M H3P04maybe representedby
the fomula d = 1.2316+ 0.0518( [ H- 2 .+ 0 .([u] - 0
wherebracketsindicatepolarities.
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the phosphoricacid or substitutingUO=(N03)2for U03. Any gainsin

uraniumvolubilityso obtainedwouldappearto be more readilyobtain-

ableby simplyincreasingthe concentrationof phosphoricacid instead.

If a solutionof U03 in concentratedH&04 is heatedwithan

air atmospherein a closedcontainer,it can be observedthatat temper-

aturesof 200° C. and higherthe uraniumspontaneouslyevolvesoxygen

and is convertedto the tetravalentstate. The decompositionalso is

appreciableaftera periodof severalmonthsat roomtemperature.The

decompositionis more rapidand more extensivethe higher the phosphoric

acid concentration.Suchdecompositionwas preventedin obtainingthe

dataof Tables1.1,1.2,Al, andA.2 by havinga pressureof 300 psi

of oxygenplacedin the bombbeforeheatingwas begun. That sucha high

pressureof oxygenwas not necessaryhas been indicatedby the factthat

testsat 430°,300°,and 170° C. of severalhundredhours’durationat

each temperaturehave shownthe thermalstabilityof a solutionof 0.60

M UOS in 7.50M H3P04overwhichhad been placed200 psi of oxygenat

roomtemperature.The testsalso indicatedthatthe uraniumwas com-

pletelysolublein the lattersolution.

1.2 RadiationStability

It has been reportedthat decompositionof 857$H@04 takes

placeupon irradiationin a Van de Graafffor 5.5minutesat an ioniza-

tion densitycorrespondingto 550 kw/1 ina homogeneousreactor.l” In

spiteof this,phosphateion is consideredto be adequatelystableto

reactor~diationcll f view is supportedby expertients,l.~rk done

- 1



at Oak RidgeNationalLaboratory. In this experiment

type of solution*was irradiatedin a thermalneutron

for ten hoursat temperaturesfrom260°to 390° C.=2

a IAPREI-like

flux of 1.5 x 1013

The solutioncon-

tained0.31M dissolvedUO= (approximatelyx% enriched)in 2.9 M H#04.

Althoughthe dissolveduraniumhad a catalyticeffecton the recombina-

tion of hydrogenand oxygen,a stillgreatercatalyticeffectwas

obtainedby incorporating0.0020M CU+2 in the solution. The solution

initiallyoccupiedkl$of the volumeof its container. The power

densitywhichwas developedwas 60 kw/1,and the solutionappearedto

be stableunder

stainlesssteel

is thoughtthat

theseconditions,althougha moderatecorrosionof the

bomb causedsomereductionof uraniumand copper. It

this stabilitywouldextendas well to

concentrationsand temperatures.

It was foundfromthe aboveexperimentsthat

radiolyticallyproducedhydrogenand oxygenat 60 kw/1

somewhathigher

the pressureof

wouldbesmall

comparedwith the vaporpressureof the solutionat 430°C. Thiswould

be true even in the absenceof dissolvedcopper. The equilibriumradio-

lyticgas pressureis inverselyproportionalto an experimentalrecombi-

nationrateconstantkm, whichis the fractionalrecombinationper hour.

Figure1.1 inticatesthe behaviorof km for a & I t= of solution

(lowercurve)and a L4PREII type of solution(uppercurve),whichtype

*
The designation‘IAPRENrepresents“IosAlemosPowerReactor

Experiment.”LAPREI is to be operatedwith 0.5
H&04at 430°C., and LAPREII is
0.35M enrichedU02 in 17 MH&04

to be operated
at 4 3C

- 1

M enrichedU03 in 7.5 M
withapproximately



2 0

1 0

5

2

1

5

2

I

c

I I
6 0 0 5 03 2 1 50 25

TEMPERATURE (OC.)

Fig. 1.1 RecombinationRatesvs. Temperatureint4e Absenceof DissolvedCopper

IOwercurve: 0 .M U03in 2 M H
Uppercurve: 0.5 M Uoa in 16.5M &P04
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of solutionis to be describedin Chapter2. Althoughkfiis much lower

for the IAPREI type of solutionthan it is for the IAPR.EII type,

nevertheless,it wouldbe satisfactorilyhigh for LAPREI operationat

4000 C. or above.

1 .VaporPressure

Figure1.2 containsrepresentativevapor-pressuredata.

Includedin the figurefor the sakeof comparisonis the vapor-pressure

curvefor pure waterlsup to its critical.temperatureTc = 374° C. !Ihe

criticaltemperatureswerenot reachedfor any of the phosphatesolutions

representedin the figure. The presenceof the phosphoricacidappreci-

ably lowersthe vaporpressure,but the presenceof the uraniumappears

to raiseit slightly.

1.4 ‘IhermalExpansionofthe LiquidPhase

Measurementsof the themal expansionof the liquidphasewith

increasingtemperatureweremade with cathetometermeasurementson solu-

tionsthathad been sealedin thick-walledquartzcapillaries.The

capillarieswere heldat temperaturesuniformto 1° C. in a cylindrical

Pyrexheatingdevicethatwas heatedby electricalheatingwirewound

aroundits exterior. The curvesof Figures1.3,1.4,andl.5 are repre-

sentativeof the datathatwere obtained. In the instancesnotedthe

meniscusdisappearedand the uraniumas wellas the restof the liquid

phasebecameuniformlydistributedthroughoutthe capilJ_aryin a single

fluidphase. Thisphenomenoncorrespondsto passagethroughthe critical

temperatureof the solution. The dataof Figure1.3 showthatat

- 1
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3 to 4 M H&04 the disappearanceof the meniscusoccursin the neighbor-

hood of 430°C., some60° abovethe criticalpointof water. Figure1.4

illustratesthe effecton the volumebehaviorof varyingthe H&04 con-

centration.As the H&04 concentrationis increased,the curvebecomes

flatter,thus decreasingthe negativetemperaturecoefficientfor a

reactor,but also decreasingthe control-rodrequirements.Thesecon-

siderations,as well.as the matterof vaporpressure,make the 7.5 M

HsP04concentrationof Figure1.5 more desirablefor reactoruse above

@o CO t~the 3 to 4MH@4 of n- 1.3 if corrosion‘s not a

factor. IYgure1.5also illustrateshow the presenceof dissolved

uraniumtendsto c the meniscusto disappearwhen it wouldnot dis-

appearin the a%senceof uranium.

At Ixxnperaturesabove 400° C.} solutions such as those of

FigUres 1 . 31 .and 1 .are somewhatcompressible,but theyneverthe-

less can causegreatlyincreasedstressesin theircontainersif they

an heatedbeyondthe temperatureat whichthe liquidfillsthe con-

tainer. Figure1.6 providesdataon temperaturesat whichvarious

chargesof solutionsJustfilltheircontainers.(Includedin the

figureare temperaturesat whichthe meniscusdd.sappearedbecausesuch

temperaturesusuallyare not far fromthe onesat whichthe container

otherwisewouldbe filled.) The slopesof the best straightlines

throughthe pointsshowthe expectedresultthat the higherthe volume

of the initialchargethe loweris the temperatureat whichthe container

fills. Increasedconcentrationsof phosphoric

-21-
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at whichthe containerfills. The dataof IRQure1.6 were obtainedwith

air at 1 atm in the gas phaseoverthe initialliqyidcharge. Figure

1.7 illustratesthe compressingeffecton the liquidphaseat high

temperaturesthat

1.5 Corrosion

canbe causedby an addedgas.

The corrosionresultsto be presentedwere obtainedwith one

specimenper bomb and an initialdegreeof fillingof solutionof 60$.

Eachbomb was cladwithplatinumor gold exceptas noted. Therewasa

maximumtemperaturedifferencethroughoutthe bomb that has beenmeas-

ured to be 10 ~ 3° C.j possiblylessbelow-3000C. The nominaltemper-

atureat eachtestwas that at the hottestportionof the bomb. Under

corrosionconditionsthe ratioof

was in the rangeof 5to 10. The

exposedbomb area to specimenarea

bombswere rockedat a rateof 2 cycles

rateswere computedfmm

corrosionproducthad been

&minute. Unlessotherwise

changesof weightafterany

brushedoff.

noted,corrosion

looselyadhering

Corrosiontestsat varioustempemztureswere made with speci-

mens of Type347X stainlesssteel. At roomtemperatureor 50° C. the

corrosionratewith 0.6 M U03 in 7.5 M H3P04was hardlymeasurable

(0.01roil/year). Figure1.8 showsrepresentativeresultsthatwere

obtainedat highertemperatureswith threedifferentphosphoricacid

concentrations.The generalshapeof the curveis similaratanyphos-

phoricacid concentrationfrom 3Mto 7.5M. The increasein corrosion

ratewith increasingtemperatureup to about200° C. is due to the

*
17 to lx Cr, 9 to 12~ Ni, 0.08~C max.,Nb at leastten

timesthe carboncontent.

-22-
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Fig.I - .The CorrosionRate of me 347 Staifiess
in H&04 Solutionsof U03

A 0 .M UOSJin 7.5 M H@04, 1 atm air, 14 days

A 0 MU03 + 0.001M CUO in 7.5 MH3F04, 100 psi

A- 0.5 M U03 + 0.002M CUO in 7.5 M H3P04,100 psi

Steelvs. Temperature

(250c.) of o~, 4 days

(250c.) of o~, 4 days

A- 0.5MU03 in 7.5 MHsP04, 100 psi (2Y C.) of 0=, 4 days

0- 0.5 MU03+ 0.001M CUO in 5.2MH#04, 100 psi (250C.) of 02, 4 days

0- 0.5 MU03+ 0.001M tio in 5.2M H3F04,200 P ( c Of02, k dws
❑ - 0.4MU03 3.0 MH#04, 1 atm (250C.) of 02, 4 days
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increasedrateat whichthe protectiveoxidecoatingis dissolvedaway.

Abovethis temperaturethe corrosionrate decreasesdue to the formation

of an adherentphosphatecoatingthat impedescorrosion. The coating

may coverthe specimenunifomnlyat highertemperatureswhen the mini-

mum in the curveis reachedas, for example,with the 3 M phosphoric

acid. However,in the serieswith 7.5 M phosphoricacidtherewas

pittingof the specimenat temperaturesc the corrosion

minimum. With any concentrationof phosphoricacid in Figure1 there

was againincreasedcorrosionat stillhighertemperatureswith pro-

gressivelygreaterpitting. GenemKly, the higherthe oxygenpressure

the loweris the corrosionrate,as is il.lustratedbythe extrapoint

with doublethe oxygenpressureat 5.2MH&04. The o~gen apparently

helpsin maintaininga protectivecoating. The lowerc~e of Figure

1.8 wouldindicate~hat moderatelyshort-ternuse of 0.4MU03 in

3.0 MH&’04 containedin Type3 stainlesssteelwouldbe quitefeas-

ibleat 250°to xOO C.

It has been shownby F. H. Beck and M. G. Fontanathatthe

presenceof Cu+=abovea certain

corrosionof stainlesssteelsby

foundthe criticalconcentration

concentrationgreatlyinhibitsthe

85$ phosphoricacidat 130° C.14 They

to producecorrosioninhibitionto be

in the rangeofO.003 to 0.01MCu+2. The smountsof dissolvedCu+2

presentin the testsof Figure1 w ebelowthis criticalconcentra-

tion,as the pointsat 420°C. would indicate.A difficultyisthe

limitedvolubilityof cupriccopperin solutionsof U03 in phosphoric
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acid. The reasonis the fomation by copperand uranylof a sparingly

solubledoublephosphate,the compxition of whichcorrespondsappmxi-

mai;elyto thatof the mineraltorbernite,CU(U02P04)2=I.2H20.Table1.4

givessomevolubilityvaluesfor CU+2in the presenceof excesstorber-

nite. It is consideredimpracticalto havemore copperpresentthan is

solubleat roomtemperature.However,a testat 430°C. witha solution

of 1.0 M U03 + 0.20M CUO dissolvedin 5.6M H&04 + 1.9 M NhH&04 has

been foundto givepittingwith Type3 stainlesssteel. Hence,the

use of thistype stainlesssteelas a corrosion-resistantmaterialin

th~?presenceOf CU+2 as a corrosion imbitor ~s not seemed to be ~

answerto the problem,althoughtiher workprobablywouldbe justified.

!lkble1.4

‘1.heVolubilityof CU+2 in Two U03-H&04 Solutions

CopperI@larity Copperhkd.arity
Solution 2 c at 4 C

1.()MU03 in 5 .MH&04 0 .o

1.0 M U03in 5 .M H&04 +
1.9MNS.&~4 0 .0

The use of sodiumsilicateor sodiumchromateas a corrosion

inhibitorfor Type347 stainlesssteelproducedno improvementin

resistanceto corrosion. Spotcheckswith othertypesof stainless
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steelsuchas 316 ELC, 317,and 310 showedthemto be fairlys~lar to

the 347 in corrosionresistance.The samecouldbe saidfor the alloys

Inconel,InconelX, Nionel,the Hastelloys,and Haynes25. Carpenter20

stainless

steel,as

In all of

about0.1

steel*appearedto be significantlybetterthem

did zirconiumand certainzirconiumalloyssuch

the foregoingtestschloridewas presentto the

Pm.

Eithergold or platinum

torilylow corrosionrateat 430°

3 stainless

as Z rM

extentof

has been foundto havea satisfac-

C. or below,eitherwith or without

10 ppn oi’addedchloride. For example,gold at 430°C. in contactwith

a solutionof 0.6 M U03 in 7.5 M H#04 and 200 psi (250C.) of oxygen

gave a corrosionrateof 0.1 roil/yearor less in the presenceor

absenceof the addedchloride. No pittingwas observableundera micro-

scopeaftersucha test for four days. A methodhas beendeviaedfor

detectingpinholesin goldplateor gold claddingthathas been placed

over a ferrousnaterialof construction.The platedor clad object is

immersed in an acidified l% potassium ferricyanidesolutionand made

anodic to a platinum cathode for 10 to 30 seconds. Ferrous ions are

formed at the base of any pores existing in the gold and produce an

insolubleblue compound with the ferricyanidethat is not affected by

subsequentwashing of the specimento remove acid. The location of any

defects can be determinedsubsequentlyby visual inspection.

*
20$ Cr, 2X Ni, 1$+$Si, 0.07$ C max., 2% Mo min.,3 C tin.
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Corrosiontestssimilarto the one with

sionratesof 0.1 roil/yearor lesswereundergone

gold showedthat corro-

by alloyssuchas

9 0P t - 1Ir, $@ F%-10~ Ru, go$ l?t-10~Rh, and 3 P tAu. Because

of the partialconversionof gold to mercurythatwoul’dtake placein a

reactor,.sjmil.artestswere made with Hg-Aualloys. An a~oy of

l$Hg-gg~Au lost go~of itsmercuryto the solutionin two days. Hence,

it is thoughtthatno appreciableconcentrationof mercurycouldbuildup

in the goldundertheseconditions.Of variouspreciousmetal solders

thatweretested,Incoro60 appearedtobe the most satisfactory.It
\

had a corrosionrateof about30 roils/year.

- 2



Chapter2

The SySteIIlUO=-H3P04-H=O

2.1 Volubility

Determinationsof uranium

manneras in Section1.1. ‘Ihedata

volubilityweremade in the same

are givenin Table2.1. The solid

phase in each casewas a uranousphosphateor pyrophosphate,of which

threeformswere observedaboveroomtemperature.Theyare described

brieflyin Table2.2. SolidII appearsto be the stablesolidphaseat

the

9M

may

less elevatedtemperaturesfor concentrationsof phosphoricacid of

and higher. If that is true,then the uraniumvolubilityactually

be lessthan indicatedat 32P C. and lowertemperaturesfor 16.3to

1 6 .M & Table2.3 containsthe resultsof somemeasurementson

the densitiesof some solutionsof U02 in H&04.

I
2.2 RadiationStability

spontaneously

thermodynamic

factthat solutionsof UOS in concentratedphosphoricacid

evolveoxygento giveuranousion testifiesto the great

stabilityof the tetravalentstatein suchsolutions.

Hence,these solutionsof U02 wouldbe e~ected to be stablein atmos-

pheresthat are reducing,inert,or moderatelyoxidizing. The upper

curveof Figure1.1 for suchsolutionsas theseis thoughtpossiblyto

be too low due to certainexperimentalerrors. Nevertheless,ifa solu-

tion of enriched0.5 M U02 in

thermalneutronfluxof 1013,

hydrogenand oxygenestimated

1 6M H&04 were exposedat 4 C a

the equilibrium

fromthefigure

-30-
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~ble 2.1

VolubilityData in the SystemUOa-H@*-H@
—
Temperature, AnalyticalPolarities

‘c. u !IbtalPhosphate SolidPhase
—

25
200

4 3

2
3 7
4 3

1 7
250

325

3 7
4 3
4

1 7
2 5
3 2
4 3
4 6

o . 3
c a0 .—

O . 1

1 .02a

0.30

0.24

0 .
0 .

0●5
0 .
0 .
0 .

0 .
0 .

> 0 .
0 .

0 .

9
8

9

1 4
1 4
1 4

1 6
1 6
1 6
1 6
1 6
1 6

1 7
1 7
1 7
1 7
1 7

U(HP04)2S6H20

II

I

U(HP04)(H&04)20H20

III

III

III

III

III

III

III

III

II

II

II

III

III

aDataat 250 C. havebeen takenfromthe reportby
J. M. Schreyer.15
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Table2.2

Descriptionof SolidPhases

SolidI:

SolidII:

SolidIII:

The crystalsconsistedof very smallorthorhombicblades

havinga pale greencolor. me mean refringencewas near

1.65. The compositionwas U(HP04)z”Ha0.x

The compositionIEKlU(HP04)(H#f)4)Zo5Hz0.*

Chemicalanalysisindlcatedacompositionof U(HP04)Q.*

However,x-raystudiesand studiesof the opticalproper-

ties of the crystalshave led R. M. Douglassand

E. Staritzkyof this Laboratoryto the conclusionthat

it was the orthorhombicUP=% thathas been observed

previously.=8

*
The degreeof hydrationis uncertainby perhaps1 molecule

of water.

Table2.3

!theDensityat 250 C. of Solutionsof U02 in H&04

SolutionComposition(polarities) Density,g/mlat 27 C.

0.304MU02 in 16.8MHs.P04 1.8774

0.358MU02 in 17.0M H&04 1.8881

0.406MU02 in 17.1MH&04 1.$1024

0.434MUO= in 17.1MH3P04 1.9I22

0.511MUOa in 17.1MHs.P04 1.9284
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It is doubtfulif any measurableoxidationof U(IV)wouldbe produced

uncLertheseconditions,particularlyif a hydrogenoverpressurewere

maintainedas in LAl?REII.

2.3 Vamr Pressure

Figures2.1 and 2.2 containvapor-pressuredatafor solutions,

of 0 .M U02 dissolvedin variousconcentrationsof phosphoricacid.

The initialdegreeof fillingwas 62~for each solution. The vapor

pressuresare at leasta factorof 2 lessthan thoseof Figure1.2 for

the.U03-H&04-H20system. As in

the presenceof dissolvedU02 in

to someextent. ltigures2.1 and

the latter system, it is thought that

H&04would raise the vapor pressure

2.2 illustratethe marked reductionin

vaporpressurethat is obtainablein this rangeof H#04 concentrations

by increasingthe concentntionof acid. Judgingfromthe dataof

E. H. Brownand C. D. Whitt,the vaporfrom evenMO? H&04 wouldcon-

sistmostlyof watervaporo17

Themeasurementsweremade in the samemanneras in Section

I.l$eRepresentativedataare shownin l?@ure2.>. Becauseof the high

concentrationsof phosphoricacid,the criticaltempemturesprobably

wouldlie above600°C., whichis the maximum temperaturethat has been

attained with the present transparentheating devices. Thecurvesof

IIYgure2.> are flatter than curves obtained at lower concentrationsof

phosphoricacid,thus lesseningcontrol-rodrequirementsin theirappli-

cal;ionas reactorfuelsat high temperatures.
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Fig.2.2 VaporPressuresvs. H&04Concentration. 0
DissolvedU02, 62$ InitialDegreeof Filling.
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Fig.2.3 Behaviorof LiquidVolm vs. Temperaturefor
ConcentratedH&04 Solutions

()-0.kOMUO=ln14.1MH@A ‘

●- 0.34M U02 in 15.5M HsF04

● - 0.36M U02 in 16.2M H&04

~- 0.4 M U02 in 18.1M H&04
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Characteristicsotherthanthermalexpansionmay be observed

on possiblefuel solutionsthathavebeen sealedin thick-walledquartz

(or Pyrex)capillaries.

be made on solubilities

this type currentlyare

and solutionsof PU02.

2.5 Corrosion—

Observationsof a semiquantitativenaturemay

in suchsolutions.For example,observationsof

beingmade on condensedphosphoricacid solutions

Goldand platinm are the onlytwo

stratedto be completelycorrosion-resistant

ofU02 in concentratedphosphoricacid. T!he

sameas in Section1.5.

metalsthathavebeen demon-

above@OO C. to solutions

testingtechniquewas the

The r obtained.withgoldwere obtainedat 430°C. with

a solutionof 0.4 M U02 dissolvedin 16.5M H3P04,whichis a composition

thatmightbe representativeof a LAPREII type of solution. Corrosion

rates of the orderof

were observedwhether

chargedwith air at 1

the

the

atm

accuracy of detection (0.03 roil/year)or less

gas phase above the solutionwas initially

OZ?200 psi of hydrogen. These results were

obtainedwhetherthe solutioncontained0.2 plynof chloride(fromthe

reagents)or 10 ppm of chloride. Resultsobtainedat 430°C. with

H4P2~, pyrophosphoricacid,also indicatedundetectablecorrosionwith

similaratmospheresof air or hydrogen.

The use of gold as a claddingmaterialin a reactorin which

a highburn-upwere to be usedmightresultin the conversionof an

appreciablefractionof the gold to mercury. Ibr example,a thermal

“ 3



neutronfluxof 1OISat the goldmightgiveabout10~ conversionto mer-

cury in 1000 daysof continuousoperation. Sincethe Hg-Aualloyhas a

lowermeltingpointthanpuregold,itspresencemightrestrictthe

reactoroperationto lowertemperaturesunlessthe alloysso produced

were dilutein mercury. l?brtunately,mercurydistillsat an appreciable

ratefromeven tiluteHg-Aualloys. !Ihishas been demonstratedwith a

“2% Hg-$)8~ Au alloyimmersedin a solutionsimilarto the abovehavinga

similarhydrogenatmosphere.In four daysat 430°C. the alloylost “

one quarterof itsmercury,of whichone halfwas absorbedby a neigh-

boringspecimenof puregold. Therewas no disruptionof the surfaces

causedby the migrationof

mercuryindicatesthatthe

reactormightlosepart of

the mercury. Thiseaseof movementof the

gold claddingin the high-fluxregionof the

itsmercuryto the comparativelylargearea

of claddingthat is in a

under similarconditions

a 15-milgold liningand

cut in the wallpzmper.

much lowerneutronflux. Otherexperiments

indicatethat mercury diffuses readily through

be pum~d off via grooves that have been

Therefore,during a reasonablelife of the

reactor,the resultingalloysshouldbe dilutein mercuryand should

c no trouble.

Silverand perhapss~meothermaterialsshowpromisebelow

MOO c. as Comosion-resistmtmateri~s for solutionsof 7J02in H@4*

Theyare describedin AppendixB.

. .
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Chapter 3

ReprocessingMethods
I

A solvent-extractionunit using tributyl phosphate has been

developedby R. D. Baker, W. J. Maraman> and H. R. Baxman, of this

@boratory, for reprocessingspent reactor solutions such as that from

12iPREI. The propertiesof tributyl phosphate have been summarized in

Volume hofThe Reactor Handbook.la me nitric acid th~t n

accompaniesthe UmJIiUIII in the solvent-ext~ctio~ col~s is to be

removedfromthe productsolutionby boiling.

The uraniummust be in the hexavalentstatein this reproces-

singmethodas well as in othersshortlyto be mentioned. Thusthe

uraniupin spentfuel solutionsfrom LAPREII wouldfirsthave to be

convertedto the he~~ent statebeforer t r

tclthe tetravalentstateagainbeforebeing returnedto the reactor.

Tetravalenturaniumis oxidizedautomaticallyin concentratednitrate

salutions(as at the beginni~ of the abovemethod). It also canbe

oxidizedby the additionof 30~ H@2 to concentratedphosphoricacid

solutions.Reprocesseduraniumin the hexavalentstatemaybe con-

vertedto the tetravalentstatein concentratedphosphoricacid solu-

tionsby the additionof hypophosphorousacid and heatingat l~” C. for

1/2 hour. Preliminary

will reduceuraniumto

at200°C. “

experimentsindicatealso that 300 psi of hydrogen

the tetravalentstatein a matterof a few hours

- 3



In reprocessingan aqueousphosphatefuel solutionone might

use precipitationsof uranylammoniumphosphate(UAP).L9 However,addi-

tionalworkwouldbe requiredto removethe emmoniumion fromthe

reprocessedfuel solutionbeforeit was returnedto the reactor. simi-

lar considerationsmightapplyfor a uranylsodiumphosphate(USP)pro-

Cesselg A1.tho~htheseprocesseshave disadvantages,theynevertheless

mightcomparefavorablywith solvent-extractionmethodsin processing

short-cooledfuel solutionsbecausethe inorganicreagentswmildbe less

subjectto detrimentalradiationdamagethanwouldorganicreagents.

SpentUO=-H@04 fuel solutionsmightbe processedto advantage

in a methodinvolvingthe precipitationof a doublesalthavinga com-

positionapproximatingthat of the mineraltorberniteCU(U02P04)2*12H@.

The volubilityof U(VI)at 250 C. in a solutionof 0.4M CU(H&)4)2 +

0.2 MH3P04 is approximatelyl.1x 10-4M. ~cont~~tion factorshave

been observedto be about7 for gammaactivityand 4 forbeta activity

when torberniteis precipitatedin 0.2 M CU(H=P04)=+ 0.1 M H3P04con-

tainingfission-productactivitythat is 1 year old. The decontamina-

tion fromfission-productpoisonsso obtainedin one precipitationmight

be sufficientfor returningthe reprocessedfuelto the reactor. A more

quantitativerecoveryof the uraniummightbe achievedwithan additional

precipitationof USP or UAP fromthe supermte fromthe torbernitepre-
.

cipitationfollowedby dissolutionof the precipitatein sodiumcarbonate

and recycli~. The advantageof the use of the torberniteprecipitation

wouldbe that the torbernitecouldr be convertedto a IAPHEII



typeof solutionagain.

torbemite in phosphoric

[~ich ~Uld convert~1.

‘ s

acid that

wouldbe begun

containedscxne

by dissolvingthe

hypophosphozmusacid

of thecopper to dissolved~(1)]. Thenheat-

ing the solutionw o ux%duceall of the uraniumto the desiredtetra-

valentstateand precipitateall of the copperas the metal.

,

.“
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AppendixA

The Effecton UraniumVolubilityof Neut&lizing

partof the H#04 or SubstitutingK12(N03)2for UQs

The effectof increasedpH on uraniumvolubility phosphate

solutionsW studiedby substitutingNaH2P04for part of thephosphoric

acid. The dataof TableA.1 wereobtainedwith a solutionhavingsimi-

lar initialuraniumand totalphosphateconcentrationsas thoseof the

solutionused in obtainingthe dataof !Eable1.1,but l% of the total

phosphoricacidhad been neutralizedto NaH#04 in the caseof the

initialsolutionof TableA.1.8 A comparisonof the dataof !MblesA.1

and 1.1 indicatesthata partialneutralizationof the phosphoricacid

leadsto a slightlydecreaseduraniumvolubility.

The effectof decreasedpH on uraniumvolubilitywas studied

by substitutinguranylnitratefor the uraniumtrioxidedissolvedin the

phosphoricacid.

A.2) as compared

volubilityto be

acid solutions.

The increaseduraniumvolubilityso obtained (Tbble

with the valuesof Table1.1 showsth6 greateruranium

obtainedby substitutingU02(N03)2for UOS in phosphoric

Two differentsolidphaseswereobtainedby equilibrat-

ing the

A solid

tionby

(U02)3(P04)=*hH@tiththe 0.316M UO=(N03)=in 2.07M H&04.

phaseobtainedat Iw” C. U h OptiCdexamirl3-

E. Staritzky,of this Laboratory,and chemicalanalyses(Table

A . 3showedthis solidto be essentiallyUO~404H@ with a smallamount

of corrosion-productcontaminants.The solidsimilarlyobtainedat

3 0 4c foundto-be(U@s(p@=”4H@. Hence,the t
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3U02HX0~*kH20= (UOZ)=(l?o~)~*4H@+ H~4 + 8H@

takesplaceat sometemperaturebetween150° C. and m4° C., when the

liquidphaseis 0.3 M U02(N03)2in 2 M HsP04.

Richterhmre obtainedevidenceindicatingthat

takesplaceat about60° C. in 1 M HN03 and an

G. R. Leaderand J. W.

the abovetransition

unspecified,but prob-

ablLysmaller,concentrationof phosphoricacid.= A similartransfer-

XLatiOnOf UO#H&04*3H@ into (UO=)s(pOA)a~4H@has been observedby

A. D. Rywnand D. W. Kuhn to takeplaceat about800 C. in 0.8 to 1.6 M

HNO~.21
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. TableA.1

VolubilityDataObtainedUpon EquilibratingExcessSolid ‘

(U02)S(P04)204H20witha Solutionof Initially0.3 M UOS

Dissolvedin 1.7 M H3P04+ 0.3 M NaH2P04

(EquilibriumsolidPhase:,(U02)~(P04,)=04H20)

Temperature, AnalyticalPolarities Estimatedlblalities

‘c. u TotalPhosphate u TotalPhosphate

25 <0.30 I.go <0.33 2.10
> 0 .> 0

200 0.216 1.89 0.239 2.09

295 0 . 11 .0 .2

333 0.136 1.99 0.151 2.21 ‘

335 0.217 2.14 0.243 2.40

350 0.157 1.97 0.174 2J8
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TableA.2

VolubilityData ObtainedUpon EquilibratingExcessSolid

(UO=)S(P04)2*4H=0with a Solutionof Initially

0.316MU02(N03)= Dissolvedin 2.07M H&oA

Temperature AnalyticalPolarities EstimatedModalities

‘c. uranium Nitrate Phosphate Uranium Nitrate Phosphate

200 0 . 30 . 51 .O .0 .2

2 50 .~ 0 .0 .2 .0 .~ 0 0 2

3 00 .~ 0 .0 .2 .0 .~ 0 . (2

TableA

(h~SitiOll OfSolid p A Equilibrating(Uoa)~(pOA)=”4H@

at l~” C. with Initially0.316M U02(NOS)2in 2.07 M H&04

w $ Uoa+=Wt. ~P04-3 Wt. ~Fe+Cr

SsmpleNo.1 59.2 22.1 0

S a I n p l e N5 72 1

Theoreticalfor UO@?OA”4H@ 61.6 21.7 ---

~eol?eticalfOr (U@~(pOA)=*4H@ 75.6 17.7 ---
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AppendixB

The CorrosionResistanceof VariousMaterials

in Solutionsof UO= Dissolvedin H&04

Silverand copperwere foundto have somecorrosionresistance

to concentratedphosphoricacid solutionsif a neutralor reducing

atmospherewas maintained.Hence,a littlephosphorousacid,H3POS,

oftenwas incorporatedin the solutionsto ensurethe presenceof a

reducingatmosphere.The H@03 wouldreactat elevatedtemperatuns

with the o~gen of the air in the bombas well as with any hexavalent

uraniumthatwas presentwith the dissolvedU02. The excessHS3?03then

woulddecomposeto phosphoricacid,phosphorus,and hydrogen.

Someresultsobtainedat low temperaturesare shownin Table

B.1. Exceptfor the figurewiththe asterisk,the figureswere obtained

in the presenceof air,the oxygenof whichmay not havebeen completely

removedby reactionwiththe H&03. UndertheseconditionsType347

stainlesssteelis a good containermaterial,at leastup to ‘jOOC. The

presenceof hydrogenhas an adverseeffect

stainlesssteel,possiblybecausehydrogen

oxidefilm.

TableB.2 containsthe resultsof

at 430°C. (In thisand subsequenttables

on the corrosionrateof 3

destroysits protective

someorientingexperiments

the initialdegreeof filling

w a6 3 $Of the bare specimens,silverwas the best. Its corrosion

rate did not varymarkedlywiththe concentrationof phosphoricacid.
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TableB.1

CorrosionTestswith a Solutionof 0.77M U02 + 0.03M UOS

Dissolvedin 14.1M &P04 + 0.20M HsP03

AveragePenetrationRate,roils/year

Specimen 21 daysat 230 C. 21 daysat ~“ C. 4 daysat 100° C.

Copper 2.8 1.3 wa

Silver 0.06 1.4 Not tested

347 Stainlesssteel 0.01 0.01 1.0,2.9b

aThe solutionin this testwas O.fi MU02 + 0.02M U03 in 16.5M
H#04 containingno H&03.

bThe higherfigurewas obtainedwith 1100psi of hydrogenplaced
overthe solutionat roomtemperatureinsteadof 1 atm of a

B a rEverdur1 0has aboutthe samecorrosionrate

Everdurhas considerablymore structuralstrength.

the presenceof graphitealso is illustratedin the

as bare copper:but the

The protectiveactionof

table. In theseand sub-

sequentteststhe graphitedid not appearto be attacked.

Gold platinghad a beneficialeffecton the corrosionof silveror

copper,but the effectof diffusionintothe Gold was excessivein the case

of cc)ppere

testswith

shownthat

TableB.3 givesrepresentativeresultsat 430°C. Subsequent

platedspecimensweremade with platedsilver. It had been

the presenceof a stickof graphiteexerted.a protectiveaction

as did also the presenceof an appreciablepressureof hydrogen. Altho~h
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TableB.2

Corrosion!Pestsat 430°C. for Four Days,

Each SolutionContaining0.20M H&03

AveragePenetrationRste,
Specimen Solution rolls/year

Bare silver 14.’5MH3PO4 67

Bare silverin contact
with a stickof graphite 14.5M H#04 5

Bare llverdur1015a 14.5M H@04 432

Bare tme 3 ~s t a i n
s t e1 4M H&04 > 2000

Bare silver 17.4M H3P04 80

Graphite-cladcopperb 17.4M H3P04 16

alwoy of 9!3.10$CU,1 .Si, 0.2Y~ Mm, and 0.05$ Fe.

bThe graphite

theseeffectswere very

claddingwas 1/16”thick.

markedwithbare silver,theywere ineffective

in protectingsilverwithinpinholesthathad been drilledthroughgold

platewhichhad been appliedon silver. Theseconclusionsare supported

by the resultsof !EableB.4. Pinholesof ~ nrildiameterhad been drilled

throughthe goldplateintothe silverbeforethe corrosionrunswere

begun. The depthof the pinholesbeforeand aftereachcorrosionrun was

~.easuredwith a sharp-focus

by corrosion.Althoughthe

microscopeto givethe penetrationproduced

over-allsamplecorrosicmratewas hardly

- 4



TableB.3

CorrosionTestsat 430°C.

in 14.-5M H@04 + 0.20

for 25 Days

M H&03
I

.-
Av. PenetrationRate of Appearanceof

~ Specimen Silveror Copper,roils/year CorrodedSpecimen

--

-roilsgoldplate O.@ Unchangedexceptfor a
on silver faintlylightercolor

of the gold

mil goldplateon
copper

4 Copper-coloredsurface
with eruptions
throughplateand
corrosionbeneath
plate

measurable,the corrosionrateof silverwithinthe pinholeswas high.

Similarpinholesdrilledi.nbare silverwere foundto give

much less localcorrosionif the silverwas encasedin graphite,as my

be seenfromthe resultsshownin TableB.5. The over-allcorrosion

rateof the silverappearedto decreaseas the silver-graphiteclearance

was increasedto 60 roils.

In no corrosiontestwith silveror copperwas thereany insol-

uble silveror coppersaltformed. Hence,the specimenshad no adhering

corrosionproduct. In an inertor reducingatmospherethe “corrosion”

of eithersilveror copperwas due mainlyto mass transfer. The mass

transferoftenwas evidencedby a silveror coppercolorhavingbeen pro-

ducedon the platinumor gold liningof the”bomb.The corrosionspecimens
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TableB.4

PinholeandAverageCorrosionRateswithGold-PlatedSilver

Over-allSample
No. Days Penetrationin PinholeCorrosion CorrosionRate,

Specimen Solution at 4 3C. Pinhole,roils Rate,nils/year roils/year

3mil Au/60mil
J i g / 3 4Ssplus
graphitestick

s

s

nil Au/10mi.1
A 4 3 / 3 4Ssplus
200 psi H2
(25° c.)

Same

S

0.9 M U02 + 0.02 M 1 3 C* 0 8 , 0 ~ 0
U03 in 14.0N Hsl?04
+ 0.2011H3P03

Same 28

Same 42

0.25N Uo= + 0.004M 14
U03 in 14.2I!H3P04

‘ 3~ 0

1 2 . 3

3 .t O

72

142

77

0.OO ~ 0.02

0.02 ~ 0.01

0.00 : 0.04

Same

Sane

2

4

4 ,? 0

8 .

5

7

0.00 ~ 0.02

t



‘rabhB.3

Pinholeand AverageCorrosionRateswithGraphite-CladSilver

(Conditions:NineIhysat 4 3 0C w i t0 .M U 0+ 0 .M U i 1 4M HsP04+ 0.20 M HsP%)

Penetrationin PirIholeCorrosion Over-allSempleCorrosion
Specimen Pinhole,roils Rate,roils/year Rate,roils/year

UnplatedAg encasedin1/8w
graphitewith1 to 2 roils
$g$)clearance(on diam-

$ UnplatedAg encasedin I/8°
graphitewith 30 roils
Agl&&clearance(on diam-

UnplatedAg encasedin 1/8n
graphitewith60 roils
Ag-Cclearance(on diam-
eter)

o . 00 .2 ?0

o . 2 t o8 ~

o . o t o

0

0



.

alwayswere locatedin the coolestportionof the bomb,whichwas about

@ c. coolerth~thehottest portion. Spec3.Mensof silverthat.were

corrosion-testedwithpart of the silverspecimenprojectingintothe

vapor phasewere foundto havecomparativelynegligiblecorrosionin the

vaporphase. This indicatesthat the mechanismof mass transferis not

due to the vaporpressureof the metal. A m olikelymechanismis via

the equilibrium

2Ag0+ 2H+ = 2Ag+(complexed)+ Ha

whichliesconsiderablytothe leftevenat 450°C., but not so much S0

as to preventmass transfer. The-dataof TableB w o bw
.

variouspressuresof hydrogen,the presenceof whichshouldrepressmass

transferaccordingto the above

penetration’ratesfor the first

hydrogenpressureof 200 psi is

equilibrium.The differencesamongthe

fourentriesmay not be significant.A

p=ctically as effectiveas a pressure

of 1000psi,whichwouldindicatethatthe mass transferat thesehydro-

gen pressuresprobablyis causedby anothermechanismwhichis under-

stood. The lastentryof the tableindicatesthat200 psi of hydrogenis

comparativelyineffectivein protectingcopper.

A corrosiontest likethatof TkbleB.6

of hydrogenwas repeated

the bare stlversurface.

to be no greaterthan on

year. Anothertest like

withpinholesof 5r o

with silverand 200 psi

diameterdrilledinto

!Ihecorrosionratewithinthe pinholesappeared

the surface,and that ratewas about10 roilsper

that in !I%bleB*6 with 0.0015M addedNa2SiOa

led to a threefoldincreasein corrosion.

--- -



TableB.6

The Effectof Hydrogenon the Corrosionof Bare Silver

(Conditions:Four Daysat 430°C. with 14.7M H#04)

Bare Specimen HydrogenPressure AveragePenetration
at 230 C., psi Rate,roils/year

Silver 1 06
S i l v3 8

S i l v2 6

S i l v1 1
S i l v4 7

Copper 200, 300

. . ...

TableB.7

CorrosionTestsin the Absenceof GalvanicCouples

(Conditions:430°C. with 0.37M UO= + 0.03M UO= in 16.8M H3P04+

0.10MH&02 and200 psi of H= InitiallyPresentat 2’30C.)

Specimen Time,days AverageBuild-upof Metal
on Specimen,roils

Silver 4 0 .
S i l v9 0 .

Copper 4 0 .
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The resultsmentionedin the precedingparagraphand those

shownin TablesB.4,and B.~ suggestthattheremay havebeen galvanic

corzosionbetweenthe exposedsilverand the goldareasincludingthe

goldcladdiggof the bomb. Thus the fntensityof corrosionwithinthe

pinholesof %ble B.4 was highbecauseof the smallarea of silverthat

was exposed. The corrosionof the silvershownin TableB.5was less-

enedbecauseof the largersilverarea and becauseof the FaradayCage

effectproducedby the galvanicallylesshamful graphite. Also,the

resultsof

area. ‘Ihe

couplesby

the precedingparagraphwereobtainedwitha largesilver

resultsof TableB.7 wereobtainedin the absenceof galvanic

corrosiontestingthe silverin a silver-cbdbomb and

copperin a copper-cladbomb. The specimensgainedin weight,in

case due to mass transferfromthe bomb wall,whichmay havebeen

t

each

5 o

10° C. wannerthan the specinien.

FigureB.1 showsthe efi’ect

corrosionof silverby 14.7M H3P04.

certaintemperaturenear the critical

of differenttemperatureson the

The data indicatethat abovea

temperatureof waterthe corrosion

rate increasesf’romabout1 roil/yearat the rateof about1 miL/yearper

100 cc The increasedcorrosionratemightbe due in part to the appear-

ance of somepyrophosphoricacidat the highertemperatures.For example,

1 7eenfound tohaveabout

fomnof pyrophosphoricacidat 430°C.

The corrosionof bare silverat

5~of its phosphorusin

430°C. in the presence

the

of 200

psi (250 C.) of hydrogenis not affectedappreciablyby variationsin
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Fig.B.1 CorrosionRatevs. Texnpe~t~ for~re Silver.
[Conditions:& days in 14.7M H&04 with200 psi
(250C.) of hydrogen.]
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the phosphoricacid concentrationin the range$lto1 7The intro-

ductionof 0.4 M dissolvedU02 doesnot influencethe corrosionrateat

350° C.,but it has been observedto increasethe corrosionratethree-

foldat 430°C.

!Ikstshave indicatedthat Incoro60 is a satisfactorysolder

foruse in solutionsof U02 in H3P04. Testsof a preliminarynature

have indicatedthattantalumas a corrosion-resistantmaterialwouldbe

intermediatebetweensilverand copperat 430°C. in sgreementwith a

similarorderof corrmion resistanceobservedby R. F. Miller,R. S.

Treseder,andA. Wachterat 250° C.22 Preliminarytestsalso show

molybdenumto have somecorrosionresistance.

-
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